Laser-based methods are investigated for the development of an in situ diagnostic for spatially and temporally resolved characterization of the first wall in fusion devices. Here we report on the first systematic laser-induced ablation spectroscopy (LIAS) measurements carried out on various surface layers in the TEXTOR tokamak. These materials include a-C:D, mixed W/C/Al/D 2 , Oerlikon Balzers 'Balinit' diamond-like carbon layers and EK98 fine-grain graphite. In LIAS, the bulk or deposited material is evaporated during the plasma discharge by intense laser radiation. The light emitted by particles entering the edge of the ionizing tokamak plasma is then observed by optical spectroscopy. In the measurements taken, it was found that the studied layers can be identified by their characteristic line emission. A good correlation between the observed line intensity and layer thickness is found. The observed plumes show target material dependence. To analyze layers formed during tokamak operation, further investigation of the ablation process and reference materials for cross calibration is required.
Introduction
Plasma-wall interaction plays a key role in the performance of fusion reactors. Postmortem analysis has provided important insights into campaign integrated effects [1, 2] ; however, there is a need to develop diagnostics that allow in situ measurements for the identification and characterization of codeposits [3] . For ITER, a key question is the monitoring of the in-vessel tritium and dust formation [4] . Different laser-based methods in combination with spectroscopy for in situ investigations have been studied for plasma-wall interaction diagnostics [5, 6] . Intense laser pulses create a localized plasma at the irradiated surface, allowing laser-induced breakdown spectroscopy (LIBS) to be performed in between discharges [7, 8] . In this paper, we focus on laser-induced ablation spectroscopy (LIAS) [9] . In LIAS, the wall material is evaporated during the plasma discharge by intense laser radiation. Then, the light emitted by particles entering the fully ionized plasma edge is observed spectroscopically.
This paper reports on the first systematic measurements carried out on carbon and mixed metal-carbon deposits on tungsten substrates in the TEXTOR tokamak. The deposits have been prepared and pre-characterized in laboratory devices by magnetron sputtering and plasma deposition.
Experimental setup
LIAS experiments were performed on TEXTOR using the plasma-wall interaction facility, which allows exchange of samples through a limiter lock system [10] and features several spectroscopic observation systems that provide spatial, spectral and temporal resolution [11] . Additionally, a high-resolution cross-dispersion spectrometer in the visible range described in [12] , but equipped with an electronmultiplying charge-coupled device (EMCCD) detector (exposure time: 10 ms), was aligned to monitor LIAS emission only. For spatially resolved measurements, camera systems behind a filter wheel with interference filters were employed. For the side view, an image-intensified CCD camera (Pike 032, Allied Vision Technology), recording at 100 Hz and synchronized by single-frame triggering, is used. In our measurements, we recorded with a 5 ms exposure time by gating of the image intensifier. For all systems, the signals were obtained by averaging the previous and the subsequent frame and subtracting it from the frame during which the laser pulse occurred, unless stated otherwise. TEXTOR was operated in 1 MW neutral beam injector heated discharges (I p = −350 kA, B t = −2.25 T, the line averaged electron density observed through the center n e = 3.0 × 10 19 m −3 ). All measurements were carried out during the flat-top phase of the discharge.
The laser used is an Innolas SpitLight 2000 Nd:YAG (λ = 1064 nm; 7 ns pulse length; 1.60 J ± 9 mJ, the mean value for 20 laser pulses). The laser beam is expanded by a telescope and guided into TEXTOR by six dichroic mirrors. A lens located before the window to TEXTOR focuses the beam to a spot size of 0.22 cm 2 (determined by postmortem surface analysis) on the sample. Thus, using an optical transmission of 85%, an averaged energy density of 6.2 J cm −2 is reached at the sample.
In these measurements, EK98 fine-grain graphite and three different types of deposits on tungsten substrate (untreated for 1 and polished for 2 and 3) were irradiated:
1. 3 µm thick 'Balinit' diamond-like carbon coatings with a chromium interlayer (available commercially). 2. Mixed W/C/Al/D 2 layers deposited by magnetron sputtering using the argon/deuterium gas process [13] .
3. a-C:D layers of different thicknesses (176-780 nm) deposited by plasma-enhanced vapor deposition.
For all experiments, the samples were positioned parallel to the magnetic field lines at a minor radius of r = 50.0 cm, about 4 cm behind the last closed flux surface (LCFS) at TEXTOR. A schematic view of the experimental setup is shown along with the data obtained for ablation of a mixed layer (layer type 2) in figure 1. For the radially resolving spectrometer in the UV range, CI-IV lines have been assigned and the other lines observed are tungsten and aluminum lines from the target [14] . When ablating these deposits, the LIBS and LIAS light is well separated along the tokamak minor radius, allowing the independent investigation of both phenomena during one measurement: the LIBS light extends only to about 6 mm off the surface, whereas LIAS light occurred at radial positions of typically r = 48-44 cm, determined by the velocity distribution of ablated material and the edge density and temperature profiles.
Additionally, a polychromator system has been used to provide a time resolution of 5 µs. Three channels were available, monitoring CD (A-X band), CII (426.7 nm) and H α light emissions. 
Results and discussion
A typical temporal profile of CII (426.7 nm) emission recorded by the polychromator system for an EK98 sample is shown in figure 2 . A peak of CII emission is observed within 14 µs after the onset of the LIAS signal, followed by an exponential decay with an e-folding length of 25 µs. The signal returns to its baseline level after about 175 µs. Figure 3 shows background-subtracted spans from the spectrometer data obtained for three consecutive single laser pulses on three different layers: (i) a-C:D, (ii) Balinit and (iii) W/C/Al/D 2 mixed layers. As seen in the figure, the layer materials can be identified clearly by their characteristic emission: LIAS emission of the a-C:D layers shows C, C 2 (Swan band d-a) and D α emissions (line identification according to [11] ). The layer is removed within three shots. The Balinit deposit (ii) also shows a C line and C 2 band, but H α instead of D α emission, consistent with the process gas used to form the layer. As this layer is 3 µm thick there is an almost constant intensity of carbon emission observed. In the third shot, chromium from the interlayer is visible in the spectrum, indicating the removal of the layer. In the case of the mixed layer, aluminum and tungsten are present additionally to carbon. There is no H α /D α light stronger than the background level observed; thus the deuterium content in the layer is below our detection limit. It is also noteworthy that no C 2 emission is observed from this type of mixed layer. This might be due to a different type of binding or ablation process. The effect of the different materials in the layer on the ablation process is also seen in the shape of the ablation plume: in figure 4 , poloidal-view camera images, obtained with a CII filter (514.0 nm, 3 nm FWHM) are shown for the first two laser pulses on the mixed layer (top row) and a 780 nm thick a-C:D layer (bottom row). The plume of the mixed layer has a narrow shape, while that of the a-C:D layer is much wider in the toroidal direction and exceeds even the observation window. This is qualitatively consistent with the observations in other experiments that the angular distribution width of the ablation jet decreases with increasing mass of the target atoms, which is thought to be due to mass dependence of the focal plume in ablation processes [15] . For all layers investigated, the emission due to the first laser pulse is emitted deeper in the plasma than the second emission, while this is not observed for ablation of EK98 bulk material. The reason might be local cooling caused by the injected material or the presence of clusters in the plume. This will be the subject of further investigation in our future work. Figure 5 shows the relation between the thickness of the a-C:D layers and the deuterium and carbon inventory This shows that calibration of the spectroscopic signals to empirically determine the amount of material ablated for layers of the same type is possible. The integrated spectroscopic signals can also be converted absolutely using a spectroscopic database to determine the layer composition and thickness until the substrate material (tungsten in this case) is reached. This needs additional calibrations, which will be performed in the near future.
Conclusions
The results show that in the present TEXTOR experimental setup, LIBS and LIAS signals can be investigated simultaneously during normal plasma operation. LIAS signals were used for the first time to perform an in situ analysis of the layers of similar properties prepared in laboratory deposition devices. Amorphous hydrogenated carbon layers mainly show the emission from C, C 2 , CD and hydrogen isotopes. The measured intensities show a linear dependence on layer thickness. The composition of mixed W/C/Al/D 2 layers could be identified spectroscopically. A change of the emission plume shape and intensity is observed, depending on the shot number and the material in the deposits. This can be attributed not only to a change in the emission angle but also to a possible local change of plasma parameters due to cooling by the injected material. This will be further investigated in future experiments. Time-resolved measurements show that the signal-tonoise ratio can be improved by a factor of 5 for camera measurements (when decreasing the gate length from 5 ms to 200 µs to safely collect all LIAS light) and up to a factor of 10 for the radially resolving spectrometer, which recorded with an exposure time of 20 ms.
A more in-depth understanding of the ablation process would be helpful in analyzing layers of unknown composition, and additional laboratory investigations of different layer types are foreseen to identify the ablation parameters and regimes best suited for LIAS.
